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Abstract—H array tubular linear permanent magnet generator
(TLPMG) is proposed to extract wave energy. The magnetic field
is analyzed by numerical calculation, and verify by finite element
analysis. From Fourier decomposition method, the H array has a
well sinusoidal curve than quasi-H. Finally, a prototype is
manufactured and validate by an experiment.

I. THE STRUCTURE OF GENERATOR

Linear generator ¥ is always used to extract wave
energy due to its simple structure and high efficiency. The
structure of H array generator is shown in Fig. 1. It consists of
8 H array permanent magnets (PMs), stator, coils and back-
iron. The PMs and back-iron is connected with buoy and
moves with the wave, thus, the current is induced according to
the Faraday laws.

rd

R T N T R Rl R PR

|
|
|
|
|
[ e
T
|
T

——»
Fi
Fig. 1. The structure of the wave generator

Il. OPEN-CIRCUIT FLUX DENSITY DISTRIBUTION

The numerical calculation is an important method  for
permanent magnet motor design Y. In order to establish an
analytical solution for magnetic field distribution in an H
magnetized tubular permanent magnet generator, the following
assumptions are made.

1) The axial length of the generator is infinite.

2) The back iron is infinitely permeable.

3) Neglecting slotting effects, if present, can be taken
into account by introducing a Carter coefficient.

4) Assuming the permanent magnet magnetized is
uniform and no demagnetization.

Consequently, the magnetic field analysis is considered
two regions, that is airspace/winding region /and permanent
magnet region // as shown in Fig. 2.

The governing field equations in terms of the vector
magnetic potential 4 are:
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In the cylindrical coordinate system, the magnetization
M is given by
M=Me +M,e, 2)

where M, and M, is the components of M in the r and z axis,
respectively. Fig.2 shows the eight array H magnetization and
the distribution of M, and M,. Where B, is remanence, a is the
angle between the z axis and magnetized orientations. M is a
periodic function which period is 2z, and the 7, is the pole
pitch, which can be expanded into a Fourier series having the
forms
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Fig. 2 Distribution of Mr and Mz.
Thus, the equation (1) can be simplified as
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If the permeability of the back-iron is assuming to be
infinite, and only two regions are considered. The field regions
are shown in Fig. 3. The boundary conditions to be satisfied by



(7) are
BZI |r:RO = 0’

BrI

HZle:RS =0 (10)
H —H

r=R, I’le:Rm ! ”|r:Rm ler:Rm

r
Region\ 11

I
> N[y [ [x[t][A]>

Region T

Ry [Rm[Ro

Fig. 3 Field region
According to the boundary conditions and solved the
equation (8), the flux density components can be obtain as
following

B,(r.z)= i[aln I,(m,r)+b, K, (m,r)]sin(m,z) (11)

n=1

B, (1 2) = 3 [a,1o(m,r) + b, Ko (m,")]cos(m,z) (12)
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where lo(myr), 11(myr) are modified Bessel functions of the first
kind, and KO(m,r), K1(m.r) are modified Bessel functions of
the second kind, of order 0 and 1.

I1l. COMPARISON WITH FINITE ELEMENT ANALYSIS

The finite element analysis is employed to validate the
effectiveness of the method. The magnets are sintered NdFeB,
for which has high magnetized, high-energy and high coercive
force and it’s B,=1.2T and x=1.05, and the material for
back-iron and stator are D23. A prototype is manufactured to
illustrate the analysis and is shown in Fig. 4.
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In order to calculate conveniently, we assume the
different permanent magnet is the same length. Fig. 5 and Fig.
6 show the comparison with B, and B, for numerically
calculated and FEA, it clearly see that the analytical solutions
agree extremely well with the finite element analysis.

Comparison with B, for 8 H array and quasi-H is shown
in Fig. 7. As one can see that the H array has a well sinusoidal
curve than quasi-H. From Fourier decomposition method, the
THD for 8 H array and quasi-H are 15.57% and 37.45%
respectively. That is to say, it has a low cogging force and a
high efficiency. The EMF for no-load at 0.4m/s is shown in
Fig.8.
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Fig. 5 Comparison with B, for FEA and analytical
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Fig. 6 Comparison with B, for FEA and analytical
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Fig. 7 Comparison with B, for 8 H array and quasi-H
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Fig. 8 EMF for no-load at constant speed

IV. CONCLUSIONS

In this paper, an H permanent magnet with 8 arrays has
been proposed to extract wave energy. Through numerically
calculated and FEA, this structure has good performance such
as sinusoidal magnetic field, symmetric three phase
electromotive force. Finally, a prototype is manufactured and
validate by an experiment.
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